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Abstract: HGP is a 24-amino acid peptide derived from HIV gp41 that increases vesicular
escape when incorporated into gene delivery vehicles. The typical yield of HGP from solid phase
peptide synthesis is low due to its length and hydrophobicity. The goal of this work was to
investigate truncated sequences that maintained activity in order to improve the ease and yield
of synthesis. A shortened, 15-amino acid sequence retained comparable lytic activity and the
ability to interact with lipids when compared to the full length peptide. A scrambled peptide
showed poor lytic activity, confirming that the activity of these endosomal escape peptides is
sequence specific. Peptides were covalently attached to polyethylenimine (PEI) and used to
condense plasmid DNA to form nanoparticulate carriers. When delivery efficiencies of
PEI-peptide conjugates were compared in vitro, PEI modified with the truncated HGP sequence
increased transgene expression over unmodified PEI and full length HGP.
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Introduction
Efficient release of delivery vehicles from endocytic

vesicles remains a major barrier for efficient nonviral gene
therapy. The majority of nonviral gene delivery vehicles are
entrapped within endocytic vesicles after internalization,1

limiting their ability to deliver their nuclear- or cytosolic-
active cargo. Widely used methods for mediating delivery
to the cytosol include the use of buffering polymers such as
polyethylenimine (PEI), which is one of the most efficient
cationic polymer-based vehicles.2 However, it has been
shown that an excess of polymer is necessary for the
efficiency of PEI,3 resulting in poor delivery efficiencies in
ViVo since polymer can be separated from DNA. It is also

advantageous to limit the amount of PEI administered, as
increased amounts can cause cellular toxicity.4 Peptides are
promising candidates for potent mediators of vesicular escape
and are also relatively easy to synthesize and incorporate
into nanoparticulate delivery vehicles. Examples of peptides
that are membrane-active and have been employed for
polymeric gene delivery include GALA,5 Tat,6 melittin,7 and
hemagglutinin.8
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We have previously reported the modification of a
polymer-based gene delivery vehicle with a membrane-lytic
24-amino acid peptide taken from the carboxyl terminus of
HIV gp41.9 The peptide-polymer conjugate mediated
increased transfection efficiency despite unchanged levels
of internalization compared to unmodified polymer. Micros-
copy was used to elucidate the mechanism of HGP; diffuse
cytoplasmic localization of HGP-modified delivery vehicles
after internalization suggested HGP mediated release of
particles from endocytic vesicles.9 However, the synthesis
of HGP results in low yield after purification due to its
hydrophobicity and length, limiting its application. It was
therefore desirable to survey peptides of shorter length that
were able to maintain the same properties as full-length HGP.

It is known that alpha helices are one of two main
secondary structures that membrane-proteins adopt.10 The
carboxyl terminus of gp41 is composed of several peptides
that have been shown to form amphipathic R-helical struc-
tures that interact with membranes.11,12 The goal of this work
was to identify a truncated peptide derived from HGP that
could similarly facilitate endosomal release when incorpo-
rated into drug carriers. The candidate for a shortened peptide
was selected to have 15 amino acid residues based on
calculations that a peptide of this length possessing 80%
R-helical character would have a predicted length of ∼3 nm,
the thickness of a membrane. An additional consideration is
that peptides of this length can be synthesized by solid phase
peptide synthesis without significant interchain aggregation.13

For these reasons, a helical wheel applet14 was used to scan
the sequence of HGP in 15 amino acid segments. The
shortened peptide, referred to as sHGP, was chosen where
alignment of hydrophilic and hydrophobic residues was
optimally separated. A scrambled peptide sequence, referred
to as scrHGP, was designed by randomly permuting the
sequencing of sHGP and using the helical wheel applet to
ensure there was no alignment of hydrophilic and hydro-
phobic residues. In this work, the lytic activities of sHGP
and scrHGP were tested using a liposome leakage assay and
peptides were conjugated to PEI to determine transfection
abilities. A shortened peptide sequence would have the
advantage of improved synthetic yield broadening its ap-
plicability to delivery vehicles.

Materials and Methods
Peptide Synthesis. HGP, sHGP, and scrHGP (Table 1)

were synthesized with a C-terminal cysteine by standard solid
phase peptide synthesis techniques using Fmoc chemistry
and were HPLC purified to >95% purity or purchased from
GenScript Corporation (Piscataway, NJ).

Liposome Preparation. Liposomes composed of a 5:1
ratio of L-R-phosphatidylcholine and cholesterol (Avanti
Polar Lipids, Alabaster, AL) were synthesized in 10 mM
Tris pH 7.4, 20 mM NaCl, 0.1 mM EDTA (buffer A) with
and without 50 mM sulforhodamine B (Invitrogen, Carlsbad,
CA) by extrusion through a 100 nm polycarbonate membrane
(Whatman, Florham Park, NJ) using the Avanti Mini-
Extruder. For liposomes prepared with sulforhodamine B,
unencapsulated dye was removed by dialysis into buffer A.

Dye Release Assay. The extent of liposome lysis was
monitored by measuring the fluorescence intensity of de-
quenched sulforhodamine B released from liposomes using
a microplate reader as described previously.9 Complete
(100%) dye release was established as the fluorescence
intensity after treatment with a 0.05% solution of Triton
X-100. The data are reported as the average relative
fluorescence units (RFU) of three replicates ( SD.

Tryptophan Fluorescence. Peptide stock solutions were
prepared in DMSO, and concentrations were determined by
measuring the absorbance at 280 nm. Peptides were diluted
to the same concentration in DMSO and were added at a 2
µM final concentration to either buffer A or a 0.1 mM
solution of liposome diluted in buffer A. The fluorescence
intensity of tryptophan was measured by exciting at 280 nm
and reading emission between 300 and 400 nm using a Tecan
Safire2 microplate reader (Tecan Systems, Inc., San Jose,
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Table 1. Amino Acid Sequences of HGP, sHGP, and
scrHGP

peptide abbreviation sequence

HGP HGP LLGRRGWEVLKYWWNLLQYWSQEL

short HGP sHGP RGWEVLKYWWNLLQY

scrambled HGP scrHGP KYWQLWNELRVGLYW\
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CA). Fluorescence intensities were measured at 1 nm
increments using a 10 nm bandwidth. A corrected spectrum
was obtained after averaging three sample measurements and
subtracting either a buffer A or liposome blank. The center
of weight was calculated as an intensity weighted average
using the equation center of weight ) (∑Iiλi)/(∑Ii).

PEI-Peptide Conjugate Preparation. Branched PEI
with molecular weight 25,000 (Sigma, St. Louis, MO) was
modified with 10 molar equiv of N-succinimidyl 3-(2-
pyridyldithio)propionate (SPDP) purchased from Pierce
(Rockford, IL) according to the manufacturer’s protocols.
Unreacted cross-linker was removed by dialysis and the
product was concentrated using an Amicon Ultra Centrifugal
Filter Unit (Millipore, Billerica, MA). Concentrated PEI
solution was added to DMF at a 1:9 ratio and 5 equiv of
peptide or cysteamine were added. Peptide or cysteamine
was allowed to react for 48 h at 60 °C and any unreacted
pyridyldithiol groups were quenched with cysteamine for 1 h.
PEI-peptide conjugate was acidified to pH 3 and dialyzed
against water for 3 days using a 10,000 MWCO membrane
(Pierce). The resulting solution was filtered using a 0.2 µm
syringe filter. PEI concentration was determined at each step
by measuring the absorbance at 630 nm after addition of
copper(II) acetate, as described previously.15 Efficiency of
peptide conjugation was determined by quantifying the
absorbance at 280 nm after subtracting control PEI. PEI
modified with cysteamine, HGP, sHGP, or scrHGP will be
referred to as PEI, PEI-HGP, PEI-sHGP, and PEI-scrHGP,
respectively.

Polyplex Formulation and Characterization. Polycation-
complexed nucleic acid, termed polyplexes, were formulated
by adding equal volumes of polymer to nucleic acid at the
desired polymer nitrogen to nucleic acid phosphate (N/P)
ratio. Polyplexes were allowed to incubate at room temper-
ature for 10 min to allow for complete complexation.

The association of nucleic acid with polymer was moni-
tored by agarose gel electrophoresis. Polyplexes prepared at
various N/P ratios were loaded into a 1% agarose gel and
stained with ethidium bromide. The hydrodynamic diameter
of complexes were measured in triplicate using a ZetaPALS
zeta potential and particle size analyzer (Brookhaven Instru-
ments Corp., Holtsville, NY) as described previously.16

Cell Culture. HeLa cells were purchased from ATCC
(Manassas, VA) and cultured in complete growth medium
(minimum essential medium supplemented with 10% fetal
bovine serum and antimycotic/antibiotic solution). Cells were
passaged when flask reached ∼80% confluency.

Evaluation of Transfection Efficiencies. Transfection
experiments were performed in six replicates. Cells were
seeded at 30,000 cells/well in 24-well plates the day before
transfection. Polyplexes were formulated using 1 µg of gWiz-

Luciferase plasmid DNA (Aldevron, Fargo, ND) and diluted
in prewarmed OptiMEM medium (Invitrogen). Cells were
rinsed with phosphate buffered saline, pH 7.4 (PBS), and
200 µL of polyplex solution was added to each well and
incubated at 37 °C in at 5% CO2 atmosphere. After 4 h,
polyplex solution was removed and replaced with complete
growth medium. Cells were allowed to incubate for a further
44 h and luciferase expression was quantified using a
luciferase assay kit (Promega Corp., Madison, WI) as
described previously.9 The data is reported as the average
relative luminescence units (RLU) of six replicates ( SD.

Results
Liposome Leakage Assay. The lytic activity of peptides

was evaluated by measuring the fluorescence dequenching
of encapsulated dye upon release from liposomes exposed
to different peptide concentrations (Figure 1). At lower
peptide concentrations, HGP has a higher lytic activity which
is superseded by sHGP at higher peptide concentrations. The
increase in lytic activity of sHGP over HGP at peptide
concentrations of 250 nM and 500 nM is statistically
significant with p-values <0.05.

Tryptophan Fluorescence. Tryptophan residues can be
used as an intrinsic probe for the solvent exposure of a
peptide.17,18 In decreasingly polar environments, such as
when partitioned into a lipid bilayer, tryptophan fluorescence
will have increased quantum yield and become shifted toward
shorter wavelengths (blue-shift). The tryptophan fluorescence
of each peptide was measured in buffer A or in a solution
of liposomes and the appropriate blank was subtracted
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pathic peptide. Biochemistry 1987, 26 (11), 2964–72.

Figure 1. Lytic activity of HGP (dark gray bars), sHGP
(light gray bars), and scrHGP (white bars) were
measured by the dequenching of a fluorescent dye
upon release from liposomes. 0% dye release
corresponds to the fluorescence level of untreated
liposome solution and 100% dye release corresponds to
the fluorescence level after treatment with Triton X-100.
Results are reported as mean percent dye release (
SD of triplicate samples. (Student’s t test, *p < 0.05, **p
< 0.001.)
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(Figure 2A). In order to clearly delineate the wavelength shift
of each spectra, each fluorescence profile was normalized
by the highest RFU value (Figure 2B). The center of weight
calculated for each peptide in buffer A was 353.3 nm, 358.4
nm, and 359.4 nm for HGP, sHGP, and scrHGP, respectively.
The center of weight calculated for each peptide in liposome
solution was 351.7 nm, 353.0 nm, and 359.4 nm for HGP,
sHGP, and scrHGP, respectively.

PEI-Peptide Conjugate Preparation. PEI-peptide con-
jugates were prepared using the bifunctional cross-linker
SPDP to react the primary amines of PEI with cysteine-
terminated HGP, sHGP, or scrHGP. PEI modified with
cysteamine was synthesized following the same protocol as
a control. The amount of peptide was determined by
measuring the absorbance at 280 nm using UV/vis spec-
trometry. Each conjugate had an average loading between
4-5 peptides per PEI molecule.

Polyplex Characterization. Polyplexes were formed by
the addition of equal volumes of peptide conjugates to
plasmid DNA followed by rapid mixing and incubation. The
ability of the peptide conjugates to complex nucleic acid was
evaluated using gel electrophoresis. DNA associated with
polymer is retained within the loading well of an agarose
gel whereas free DNA migrates into the gel. All conjugates
were able to complex DNA between N/P ratios 2 and 2.5
(data not shown). The hydrodynamic diameters of triplicate
prepared polyplexes were measured using dynamic light

scattering techniques (Figure 3). Sizes were greater than 200
nm for polyplexes formulated at N/P ratio 2 and between
90 and 130 nm for polyplexes formulated at N/P ratios 3
and 4 for all conjugates. The sizes reported are the average
diameter measurement of three polyplex preparations ( SD.

Plasmid Delivery of PEI-Peptide Conjugates. The
efficiency of plasmid delivery mediated by the PEI-peptide
conjugates was evaluated using the luciferase reporter gene
system in HeLa cells in Vitro (Figure 4A). Polyplexes were
formulated at N/P ratios 2, 3, and 4 and cell lysate was
collected 48 h after transfection. At N/P ratios 3 and 4,
PEI-HGP and PEI-sHGP had statistically significant
increases in transfection efficiency over PEI while PEI-
scrHGP had statistically significant decreases in transfection
efficiency at these N/P ratios (Figure 4B). There were no
statistically significant differences between any formulations
at N/P 2.

Discussion
Efficient vesicular escape is necessary for nucleic acid

delivery vehicles that are internalized through endocytic
mechanisms. In previous work, we incorporated the HIV
gp41 derived peptide HGP into a polymer-based gene
delivery vehicle to increase nucleic acid delivery efficiency
through enhanced endosomal escape.9 However, due to its
length and hydrophobicity, HGP is challenging to synthesize
and incorporate into delivery vehicles. The goal of this work
was to (1) investigate a shortened sequence of HGP that
retains the same lytic activity and transfection properties as
full length peptide and (2) evaluate a scrambled sequence
to demonstrate the sequence specificity of the shortened
peptide HGP.

First, the properties of free HGP, sHGP, and scrHGP
peptide were investigated. The liposome leakage assay
evaluates the ability of peptides to cause disruption of lipid
bilayers by the extent of fluorescent dye release from the
interior liposomes (Figure 1). It was found that sHGP had
an effect as potent as HGP at concentrations higher than 125
nM. In addition, scrHGP had a significantly decreased

Figure 2. (A) Fluorescence spectra of tryptophan in
HGP (circles), sHGP (triangles), and scrHGP (squares)
were measured by excitation at 280 nm and reading
emission between 300 and 400 nm in 1 nm increments.
Fluorescence spectra were taken with (filled) and
without (empty) liposome solution. (B) Each fluores-
cence spectra was normalized by its highest intensity
value and offset vertically in order to delineate emission
spectra shifts.

Figure 3. Hydrodynamic diameters of PEI (black bars),
PEI-HGP (dark gray bars), PEI-sHGP (light gray
bars), and PEI-scrHGP (white bars) polyplexes were
measured using dynamic light scattering at N/P ratios 2,
3, and 4. Measurements are the average of triplicate
samples ( SD.
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activity with less than 20% dye release at 500 nM. To
investigate the partitioning of peptides into lipids, tryptophan
fluorescence was measured with and without the presence
of liposomes (Figure 2). It was found that when liposome
solution was added, the tryptophan fluorescence intensities
of both HGP and sHGP increased whereas the tryptophan
fluorescence intensity of scrHGP was unchanged (Figure 2A).
Tryptophan fluorescence spectra were normalized by the
maximum intensity of each spectrum and offset vertically
delineate the blue-shift of tryptophan fluorescence (Figure
2B). The center of weight for each spectrum was calculated
by an intensity weighted average. Upon the addition of
liposome solution, the center of weight of HGP was blue-
shifted from 353.3 to 351.7 nm, sHGP was blue-shifted from
358.4 to 353.0 nm, and scrHGP remained at 359.4 nm. The
4.6 nm blue-shift in center of weight observed in sHGP after
addition of liposome solution indicates lipid partitioning
whereas the stationary center of weight observed in scrHGP
would suggest it does not interact with liposomes. The center
of weight for HGP was shifted to wavelengths comparable
to a sHGP/liposome solution prior to addition of liposomes.
The longer structure of HGP may allow for intrapeptide
shielding of tryptophan, as observed in folded proteins.19

Circular dichroism (CD) spectroscopy was performed on
peptides to determine differences between secondary struc-
ture between HGP, sHGP, and scrHGP (data not shown) for
the purpose of understanding structure-function relation-
ships. However, peptides were poorly soluble in solvents
suitable for the collection of biologically relevant CD spectra
and the high tryptophan content of peptides made interpreta-
tion of spectra convoluted.

Peptides were covalently attached to PEI in order to
incorporate them into a model delivery vehicle. PEI-peptide
conjugates were prepared with similar peptide substitutions
per polymer to separate peptide activity from differences in
loading. In order to ensure that differences observed were
due to peptide and not the molecular weight distribution or
primary amine content of PEI, control polymer was prepared
exactly as peptide-modified polymer with the exception that

cysteamine was used in substitution for peptide. Additionally,
PEI concentrations were carefully measured by monitoring
cuprammonium complex formation after addition of cop-
per(II) acetate to ensure that polymer concentrations were
matched. Complexation of plasmid DNA was monitored by
gel retardation, which showed that complete DNA condensa-
tion was achieved at similar N/P ratios for each conjugate
(data not shown). The hydrodynamic sizes of polyplexes
formed at N/P ratios 3 and 4, polymer concentrations at
which complexes were fully formed, were comparable
between each PEI conjugate, with sizes ranging from 95 to
130 nm (Figure 3). Because sizes were similar, differences
in transfection efficiency between the conjugates were likely
due to peptide modification and not size. The ability of
conjugates to deliver plasmid DNA was evaluated using the
luciferase reporter gene system (Figure 4). Both PEI-HGP
and PEI-sHGP improved the transfection efficiency over
unmodified PEI at N/P ratios 3 and 4, with the extent of
improvement decreased at N/P 4 since increased amounts
of free PEI polymer concentration also assists in endosomal
escape.3,20 PEI-sHGP demonstrated increases in transfection
efficiencies of 1.8-fold increase at N/P 4 and a 3.1-fold
increase at N/P 3 over PEI-HGP. The fold increase of
PEI-HGP over PEI observed is decreased when compared
to previously unpublished and published data.9 This differ-
ence may be due to the addition of a step in these studies to
first dialyze the PEI polymers in order to remove low
molecular PEI. Higher molecular weight PEI has been
reported to have higher transfection efficiencies.4 Although
it is unknown why sHGP shows improvement over the full
length peptide, data are consistent with observations from
the liposome leakage assay (Figure 1). At N/P ratios 3 and
4, the transfection efficiency of PEI-scrHGP was signifi-
cantly depressed compared to PEI-HGP and PEI-sHGP,
consistent with its lytic activity. The transfection efficiency
of PEI-scrHGP was depressed compared to unmodified PEI.
Complexation and unpackaging assays were performed in

(19) Brand, L.; Everse, J.; Kaplan, N. O. Structural characteristics of
dehydrogenases. Biochemistry 1962, 1, 423–34.

(20) Sonawane, N. D.; Szoka, F. C., Jr.; Verkman, A. S. Chloride
accumulation and swelling in endosomes enhances DNA transfer
by polyamine-DNA polyplexes. J. Biol. Chem. 2003, 278 (45),
44826–31.

Figure 4. (A) Luciferase activity of PEI (black bars), PEI-HGP (dark gray bars), PEI-sHGP (light gray bars), and
PEI-scrHGP (white bars) were evaluated in HeLa cells at N/P ratios 2, 3, and 4. Results are reported as the average
of six replicates ( SD. (B) Fold difference in expression of PEI-HGP (dark gray bars), PEI-sHGP (light gray bars),
and PEI-scrHGP (white bars) compared to PEI at the corresponding N/P ratio. Differences in expression were
statistically significant for all represented data points (p < 0.05).
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order to determine whether the decrease in transfection
efficiency was due to polyplex formation and stability, but
no differences were observed between the conjugates (data
not shown). It remains unknown why scrHGP modification
causes decreases in transfection efficiency. No differences
in transfection efficiency were observed between any con-
jugates at N/P ratio 2, likely due to aggregation of complexes
at this low charge ratio, which is supported by hydrodynamic
size data (Figure 3).

We have demonstrated that the lytic activity and trans-
fection properties of HGP could be preserved in a truncated
sequence, sHGP. The evaluation of a scrambled peptide
established that the activity of HGP peptides are sequence
specific. A shortened sequence has the advantage of im-
proved synthetic yield and ease of purification. Unoptimized
crude preparations of HGP and sHGP resulted in purities of
5% and 20%, respectively, as determined by HPLC. Since
initial attempts, optimization of sHGP synthesis conditions
has resulted in the preparation of peptide that is 70% pure.
This shortened membrane-active peptide can be combined
with other bioactive peptides, such as targeting peptides and

nuclear localization peptides, for the preparation of multi-
functional delivery vehicles.21
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